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Abstract 

In this decade, there are huge efforts to explore i?-meson decays, which offer interesting probes 
to test the quark-flavour structure of the Standard Model and to search for signals of new 
physics. Exciting new perspectives for these studies will soon arise at the LHC, where decays 
of Bg mesons will be a key target of the i?-physics programme. We will discuss theoretical 
aspects of various benchmark channels and address the question of how much space for new- 
physics effects in their observables is left by the recent experimental results from the B factories 
and the Tevatron. 
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1 Introduction 



In the Standard Model (SM), the phenomenon of CP violation can be accommodated in 
an efficient way through a complex phase entering the quark-mixing matrix, which gov- 
erns the strength of the charged- current interactions of the quarks [1] . This Kobayashi- 
Maskawa (KM) mechanism of CP violation is the subject of detailed investigations in 
this decade. The main interest in the study of CP violation and flavour physics in gen- 
eral is due to the fact that new physics (NP) typically leads to new patterns in the 
flavour sector. This is actually the case in several specific extensions of the SM, such 
as SUSY scenarios, left-right-symmetric models, models with extra Z' bosons, scenarios 
with extra dimensions, or "little Higgs" models. Moreover, also the observed neutrino 
masses point towards an origin lying beyond the SM [2] , raising the question of having 
CP violation in the neutrino sector and its connection with the quark-fiavour physics. 
Finally, the baryon asymmetry of the Universe also suggests new sources of CP violation. 
These could be associated with very high energy scales, where a particularly interesting 
scenario is provided by "leptogenesis" [3], involving typically new CP- violating sources 
in the decays of heavy Majorana neutrinos. On the other hand, new CP- violating effects 
arising in the NP scenarios listed above could in fact be accessible in the laboratory. 

Before searching for signals of NP, we have first to understand the SM picture. Here 
the key problem is due to the impact of strong interactions, leading to "hadronic" un- 
certainties. The 5-meson system is a particularly promising probe for the testing of 
the quark-fiavour sector of the SM, and will be the focus of this presentation. Decays 
of B mesons are studied at two kinds of experimental facilities. The ffist are the "i? 
factories" at SLAC and KEK with the BaBar [4] and Belle [5] experiments, respectively. 
These machines are asymmetric e^e~ colliders that have by now produced altogether 
(9(10^) BB pairs, establishing CP violation in the B system and leading to many other 
interesting results. There are currently discussions of a super-i? factory, with an in- 
crease of luminosity by two orders of magnitude [6] . Since the B factories are operated 
at the T(4S') resonance, only B'^^B\ and B^B^ pairs are produced. On the other hand, 
hadron colliders produce, in addition to B^ and B^-, also Bg mesons0 as well as Bf. and 
Afo hadrons, and the Tevatron experiments CDF and DO have reported ffist i?(s)-decay 
results. The physics potential of the Bs system can be fully exploited at the LHC, start- 
ing operation in the summer of 2008. Here ATLAS and CMS can also address some 
S-physics topics, although these studies are the main target of the dedicated LHCb ex- 
periment [8] . The central target of these explorations is the well-known unitarity triangle 
(UT) of the Cabibbo-Kobyashi-Maskawa (CKM) matrix with its three angles a, 13 and 
7, and strongly suppressed "rare" decays of B mesons. 

The key processes for the exploration of CP violation are non-leptonic decays of B 
mesons, where only quarks are present in the final states. In these transitions, CP- 
violating asymmetries can be generated through interference effects. Depending on the 
flavour content of their final states, non-leptonic B decays receive contributions from 
tree and penguin topologies, where we distinguish between QCD and electroweak (EW) 
penguins in the latter case. The calculation of the decay amplitudes, which can be 

^Recently, data were taken by Belle at T(5S'), allowing also access to Bs decays [7]. 
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written by means of the operator product expansion as follows [9]: 

A{B^f)r.J2 X {f\QM\B) , (1) 

pert. QCD "unknown" 

remains a theoretical challenge, despite interesting recent progress through QCD factor- 
ization [10], PQCD [11], SCET [12], and QCD sum rule applications [13]. 

For the exploration of CP violation, the calculation of the hadronic matrix elements 
{f\Qk{lj)\B) of local four-quark operators can actually be circumvented. This feature 
is crucial for a stringent testing of the CP-violating flavour sector of the SM. From a 
practical point of view, two main avenues are offered: 

• Amplitude relations allow us in fortunate cases to eliminate the hadronic matrix 
elements. Here we distinguish between exact relations, using pure "tree" decays of 
the kind — > K^D [14,15] or B^ — > DfD [16], and relations, which follow from 
the flavour symmetries of strong interactions, i.e. isospin or SU{3)p, and typically 
involve B(^s) tttt, ttK, KK modes [17]. 

• In decays of neutral Bq mesons {q G {(i, s}), the interference between B^-B^ mixing 
and Bg,Bq — > / decay processes leads to "mixing-induced" CP violation. If one 
CKM amplitude dominates the decay, the essentially "unknown" hadronic matrix 
elements cancel. The key application of this important feature is the measurement 
of sin 2/3 through the "golden" decay B^ J/il^K^ [18]. 

Following these lines, various processes and strategies emerge for the exploration 
of CP violation in the 5-meson system (for a more detailed discussion, see [19]). In 
particular, decays with a very different dynamics allow us to probe the same quantities 
of the UT. These studies are complemented by rare decays of B and K mesons, which 
originate from loop processes in the SM model and show interesting correlations with 
the CP violation in the B system. In the presence of NP, discrepancies should show up 
in the resulting roadmap of quark-flavour physics at some level of accuracy. 

2 A Brief Look at the B-Factory Data 

Comprehensive and continuously updated analyses of the UT are performed by the 
"CKM Fitter Group" [20] and the "UTfit coUaboration" [21]. The current data show 
impressive global agreement with the KM mechanism. Nevertheless, there are also po- 
tential deviations from the SM description of CP violation, and LHCb will soon allow 
us to enter a territory of the i?-physics landscape that is still largely unexplored. 

If a given decay is dominated by SM tree processes, we have typically small effects 
through NP contributions to its transition amplitude. On the other hand, we may have 
potentially large NP effects in the penguin sector through new particles in the loops or 
new contributions at the tree level (this may happen, for instance, in SUSY or models 
with extra Z' bosons). The search for such signals of NP in the 5-factory data has 
been a hot topic for several years, which is reflected by the great attention that the 
"S — > T^K puzzle" has received (see, e.g., [22]). For the CP-averaged branching ratios. 
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the 5-factory data have moved towards the SM prediction, while the mixing-induced 
CP violation in — > n^Ks may still indicate a deviation from the SM, which could 
be accommodated through a modified EW penguin sector with a large CP- violating 
phase [23,24]. This effect is complemented by the S-factory measurements of the mixing- 
induced CP asymmetries of other penguin-dominated 6 — > s modes [25], which can be 
converted into sin 2/?; an outstanding example is the decay (/^Ko, [26-28]. The 

corresponding patterns in the data could be footprints of the same kind of NP. 

Unfortunately, it is unhkely that the current B factories will allow us to establish - or 
rule out - the tantalizing option of having NP in the 6 — > s penguin processes. However, 
at LHCb, this exciting topic can be explored with the help of the decay B^ — > (fxj) 
[29]. A handful of events have been observed in this mode a few years ago by the 
CDF collaboration at the Fcrmilab Tevatron, corresponding to a branching ratio of 
(14+5 ± 6) X 10~^ [30]. A proposal for studying time and angular dependence in this 
decay mode has been made by the LHCb collaboration [31]. The proposal is based on 
an estimated sample of about 3100 events collected in one year of running. In order to 
control hadronic uncertainties, the decay mode Bg (jxj) may be related through the 
SU (3) flavour symmetry to Bs —>■ 4>K*^ and plausible dynamical assumptions, which can 
be checked through experimental control channels [29] . The current S- factory data on 
the CP asymmetries of the 6 — > s penguin modes leave ample space for NP phenomena 
in the B^ (fxf) decay to be discovered at LHCb. 

In the SM, B^-B^ mixing (g G {rf, s}) is governed by box diagrams with internal 
top-quark exchances and is, therefore, a strongly suppressed loop phenomenon. In the 
presence of NP, we may get new contributions through NP particles in the box topologies, 
or new contributions at the tree level. In this case, the off-diagonal element of the mass 
matrix is modified as follows [32] : 

= Mli"^ (1 + K,e-^) , (2) 

where the real parameter Kq is a measure of the strength of NP with respect to the SM, 
and (Tg denotes a CP- violating NP phase. The mass difference AMg between the two 
mass eigenstates and the mixing phase (f)q are then modified as 

AMg = ^Mf^ + AMf P = ^Mf^ 1 1 + Kqe'"" \ , (3) 

<t>, = <t>T + C = + arg(l + Ne^'^^)- (4) 

In the case of the B^ mesons, which are accessible at the B factories, we have (f)^ — 2p. 
The SM contribution of AMd depends both on the CKM factor which is governed 

by 7 if unitarity is used, and on the hadronic parameter f'^^Bs^, which is usually taken 
from non-perturbative lattice QCD calculations [33]. In particular the measurement of 
the mixing- induced CP violation in B^ — > J/ip(f>, which can be converted into 

<pT = m^Ks - miiz, (5) 

has a dramatic impact on the allowed region in the (Td^K-d plane of NP parameters (for 
a detailed analysis and discussion, see [32]). On the other hand, in the case of the -B^- 
meson system, we are still left with a large allowed region for the corresponding NP 
parameter space, as we will discuss in the next section. 
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3 B Physics at the LHC 



The 5-decay studies at the LHC will allow us to enter a new territory of the -B-physics 
landscape that is still largely unexplored. This is in particular due to the high statistics 
which can quickly be accummulated and the access to the i?s-meson system, offering 
a physics programme that is to a large extent complementary to that of the e+e~ B 
factories operated at the T(4S') resonance. 



3.1 General Features of the Bg System 

In the SM, we expect a mass difference AMg = (9(20 ps^^), which is much larger than 
the experimental value of AM^ = 0.5 ps~^. Consequently, the B^-B^ oscillations are 
very rapid, thereby making it very challenging to resolve them experimentally. 

Whereas the difference between the decay widths of the mass eigenstates of the B'^- 
meson system is negligible, its counterpart AFs/F^ in the i?°-meson system is expected 
to be of (9(10%) [34]. Recently, the first results for AF^ were reported from the Tevatron, 
using the 5° J / ipcj) channel [35] : 

/ (0.17 ± 0.09 ±0.02)ps-i (DO [36]) , . 

' \ (0.076^°;°^^ ± 0.006)ps-i (CDF [37]). ^ ^ 

It will be interesting to follow the evolution of these data. At LHCb, we expect a precision 
of (t(AFs) = 0.027ps~^ already with 0.5 fb~^ data, which is expected to be available by 
the end of 2009 [38]; ATLAS expects a relative accuracy of 13% with 30fb~^ of data 
taken at low luminosity [39]. The width difference AF^ offers studies of CP violation 
through "untagged" rates of the following form: 

(F(5,(t) ^ /)) ^ F(i?o(t) ^ /) + rmt) - /), (7) 

which are interesting in terms of efficiency, acceptance and purity. If both B^ and B^ 
states may decay into the final state /, the rapidly oscillating AMgt terms cancel. Various 
"untagged" strategies exploiting this feature were proposed (see [35] and [40-43]); we 
will discuss an example in Section 13. 3[ 

Finally, the CP-violating phase of B^-B^ mixing is tiny in the SM: 



-SM 



-2X^T] ^ -2°, (8) 



where A and rj are the usual Wolfenstein parameters [44]. This feature is very interesting 
for the search of signals of NP [43,45,46] (see Section [3l3ll . 



3.2 Measurement of AM^ 

For many years, only lower bounds on AMg were available from the LEP (CERN) ex- 
periments and SLD (SLAC) [47]. In 2006, the value of AMg could eventually be pinned 
down at the Tevatron [48]. The most recent results read as follows: 

r (18.56 ±0.87)ps-i (DO [49]) 

^ ;i7.77±0.10±0.07)ps-i (CDF [50]). 
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Figure 1: The allowed region in the (Js-^s plane of NP parameters for B^-B^ mixing. 

On the other hand, the HPQCD collaboration has reported the following lattice QCD 
prediction [51]: 

AM™ = 20.3(3.0)(0.8) ps~^ (10) 

In contrast to the case of AM^, the CKM factor entering this SM value does not require 
information on 7 and iKife/Kbl, as 

\v:M = \Vcb\[i + o{x')], (11) 

which is an important advantage. Using ([3]) and ffTOl) . we may convert the experimental 
value of AMg into the allowed region in the (Tg-Ks plane shown in Fig. [T|, as discussed 
in detail in [32]. We see that the measurement of AMg leaves ample space for the NP 
parameters cr^ and Ks, which can also be accommodated in specific scenarios (e.g. SUSY, 
extra Z' and little Higgs models). It should be noted that the experimental errors are 
already significantly smaller than the theoretical lattice QCD uncertainties. The new 
experimental results on AM^ have immediately triggered a lot of theoretical activity 
(see, e.g., [32,52,53]). 

As in the case of the i^^-meson system, the allowed region in the ag-Hs plane will be 
dramatically reduced as soon as measurements of CP violation in the Bs-meson system 
become available. The "golden" channel in this respect is B^ —>■ J/ip4', our next topic. 

3.3 The Decay B° J/il^4> 

This mode is the counterpart of the B^ J/ipKs transition, where we have just to 
replace the down quark by a strange quark. The structures of the corresponding decay 
amplitudes are completely analogous to each other. However, there is also an important 
difference with respect to B^ J/ipK^, since the final state of B^ — >■ J/ipcf) contains two 
vector mesons and is, hence, an admixture of different CP eigenstates. Using the angular 
distribution of the J/ip[-^ £"'"£~]0[— K^K~] decay products, the CP eigenstates can 
be disentangled [54] and the time-dependent decay rates calculated [35,43]. As in the 
case of B^ —>■ J/ipKs, the hadronic matrix elements cancel then in the mixing-induced 
observables. For the practical implementation, a set of three linear polarization ampli- 
tudes is usually used: Ao(t) and A\\(t) correspond to CP-even final-state configurations, 
whereas A±(t) describes a CP-odd final-state configuration. 
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It is instructive to illustrate how this works by having a closer look at the one-angle 
distribution, which takes the following form [35,43]: 

^^^^'fo^e'^'^^ (l^o(t)p + |A||(t)p) I (i + cos^e) + lA^wr^sin^e. (12) 

Here G is defined as the angle between the momentum of the and the normal to the de- 
cay plane of the K^K~ system in the J /if) rest frame. The time-dependent measurement 
of the angular dependence allows us to extract the following observables: 

P+(t) = |Ao(t)P + |A||(t)p, P_{t)^\A^{t)\\ (13) 

where P+{t) and -P_(t) refer to the CP-even and CP-odd final-state configurations, re- 
spectively. If we consider the case of having an initially, i.e. at time t = 0, present 
meson, the CP-conjugate quantities P±it) can be extracted as well. Using an untagged 
data sample, the untagged rates 

P±it) + P±{t) (X [(l±cos0,)e-^Lt + (i^cos0,)e~^H*] (14) 

can be determined, while a tagged data sample allows us to measure the CP-violating 
asymmetries 



P±it) - P±{t) _ ^ 



2 sin(AM3t) sin< 



(15) 



P±{t) + P±{t) [(l±cos0,)e+^r,t/2^ (l^cQg0^)g-Ar.t/2_ 

In the presence of CP-violating NP contributions to B^-B^ mixing, we obtain 

0. = -2X^v + 0r - -2° + 0r - 0^- (16) 
Consequently, NP of this kind would be indicated by the following features: 

• The untagged observables depend on two exponentials; 

• sizeable values of the CP-violating asymmetries. 

These general features hold also for the full three-angle distribution [35,43]: it is 
much more involved than the one-angle case, but provides also additional information 
through interference terms of the form 

Re{AS(t)A||(t)}, lm{A}{t)A^{t)} (/ G {0, ||}). (17) 

From an experimental point of view, there is no experimental draw-back with respect to 
the one-angle case. Following these lines, AF^ (see (Q) and (ps can be extracted. Re- 
cently, the DO collaboration has reported first results for the measurement of (pg through 
the untagged, time-dependent three-angle 5° — > J/ ip(j) distribution [55] : 

<ps = -0.79 ± 0.56 (stat.)+J;;^ (syst.) = -(45 ± 32^^)°, (18) 

which is complemented by three additional mirror solutions. This phase is therefore not 
yet stringently constrained. Using (jlj), we then obtain the curves in the ag-Kg plane 
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shown in the left panel of Fig. [2l Very recently, the CDF collaboration reported first 
bounds on 0^ from flavour-tagged -B° J/4'<P decays [56]. 

Fortunately, 0^ will be very accessible at LHCb, where already the initial 0.5 fb~^ 
of data will give an uncertainty of = 0.046 = 2.6° by the end of 2009, which 

will be significantly improved further thanks to the 2fb~^ that should be available by 
the end of 2010 [38]. At some point, also in view of LHCb upgrade plans [57], we 
have to include hadronic penguin uncertainties. This can be done with the help of the 

—>■ J/ipp^ decay [58]. In order to illustrate the impact of the measurement of CP 
violation in i?^ J/ ipcj), we show in the right panel of Fig. [2] the case corresponding 
to (sin0s)exp = —0.20 ± 0.02. Such a measurement would give a NP signal at the 10 a 
level and demonstrates the power of the Bs system to search for NP [32]. It should be 
emphasized that the contour following from the measurement of 0s would be essentially 
clean, in contrast to the shaded region representing the constraint from the measured 
value of AMs, which suffers from lattice QCD uncertainties. 



3.4 Further Benchmark Decays for LHCb 

This experiment has a very rich physics programme. Besides many other interesting 
aspects, there are two major lines of research: 

1. Precision measurements of 7: 

On the one hand, there are strategies using tree decays: 5° DJK^ [a^ ~ 5°], 
5^ ^ D^K* [a^ ~ 8°], B^ D^K^ [d^ ~ 5°], where we have also indicated 
the expected sensitivities for 10 fb^^; by 2013, a LHCb tree deterimation of 7 with 
(T^ = 2° ~ 3° should be available [38]. This very impressive situation should be 
compared with the current 5-factory data, yielding 

^ r (77;i)° (CKMfitter [20]), 
7IdMkw I (88±16)° (UTfit [21]). ^ ' 

These extractions are essentially unaffected by NP effects. On the other hand, 7 can 
also be determined through B decays with penguin contributions: -8° — > K^K~ 
and 5° ^ TT+TT- [a^ ~ 5°], 5° ^ D^D- and 5° ^ D^D^. The key question is 
whether discrepancies will arise in these determinations. 
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2. Analyses of rare decays, which are absent at the SM tree level: 

prominent examples are — > fJ,'^f^~, — > K*^^~^fi~ and 5° In 
order to complement the studies of CP violation in b —>■ s penguin modes at the B 
factories, B^ —>■ (fxp is a very interesting mode for LHCb, as noted in Section O 

Let us next have a closer look at some of these decays. 

3.4.1 CP Violation in DfK^ and D^iz^ 

The pure tree decays Bg — > DfK^ [59] and Bd D^-n^ [60] can be treated on the same 
theoretical basis, and provide new strategies to determine 7 [61]. Following this paper, 
we write these modes as Bq —>■ DqUq. Their characteristic feature is that both a B^ and 
a B^ meson may decay into the same final state DqUq. Consequently, interference effects 
between B^-B^ mixing and decay processes arise, which involve the CP-violating phase 
combination 0^ + 7. 

In the case of g = s, i.e. Dg G {D^ , D*^ , ...} and Us G {K^ , K*^ , ...}, these in- 
terference effects are governed by a hadronic parameter XgC^^" oc Rh ^ 0.4, where 
Rb oc \Vub/Vcb\ is the usual UT side, and hence are large. On the other hand, for q = d, 
i.e. Dd G {D~^ , D*~^ , ...} and Ud G {tt"*", p"*", ...}, the interference effects are described by 
Xde'^^'^ oc —X'^Rb ~ —0.02, and hence are tiny. 

Measuring the cos(AMqt) and sin(AMgt) terms of the time-dependent Bq DqUq 
rates, a theoretically clean determination of 0^ + 7 is possible [59,60]. Since the (pq can be 
determined separately, 7 can be extracted. However, in the practical implementation, 
there are problems: we encounter an eightfold discrete ambiguity for (j)q + 7, which 
is very disturbing for the search of NP, and in the q = d case, an additional input 
is required to extract Xd since 0{X'^) interference effects would otherwise have to be 
resolved, which is impossible. Performing a combined analysis of the 5° DfK~ 
and B^ — > D~^7i~ decays, these problems can be solved [61]. This strategy exploits the 
fact that these transitions are related to each other through the t/-spin symmetry of 
strong interactionsjl allowing us to simplify the hadronic sector. Following these lines, 
an unambiguous value of 7 can be extracted from the observables. To this end, Xd has 
actually not to be fixed, and Xg may only enter through a 1 + correction, which is 
determined through untagged Bs rates. The first studies for LHCb are very promising, 
and are currently further refined [62]. 

3.4.2 The B^ K+K', Ba tt+tt" System 

The decay B^ K^K~ is a 6 — *• s transition, and involves tree and penguin ampli- 
tudes, as B^ n^n^ [63,64]. However, because of the different CKM structure, the 
latter topologies play actually the dominant role in B^ —>■ K~^K~, whereas the major 
contribution to B^ — ^ tt+tt^ is due to the tree amplitude. In the SM, we may write 

^ TT+TT-) OC [e'^ - de'^] (20) 

^The U spin is an SU{2) subgroup of the SU{3)f flavour-symmetry group of QCD, connecting d and 
s quarks in analogy to the isospin symmetry, which relates d and u quarks to each other. 
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Figure 3: The contours in the 7-6?^'^ plane for an example corresponding to the CP 
asymmetries Acp{Bd vr+vr-) = -0.24 and ^cp (5^ vr+Tr") = +0.59, as well as 
A'^'p{Bs K+K-) = +0.09 and A'S^iB^ K+R-) = -0.23. 




^ K+K-) oc 



1-A- 
A2 



d'e 



ie' 



(21) 



where the CP-conserving hadronic parameters de^^ and rf'e*^' descripe - sloppily speak- 
ing - the ratios of penguin to tree contributions. The direct and mixing-induced CP 
asymmetries take then the following general form: 

A^SpiB, ^ TT + TT-) = Gl(rf, e- 7), A'Sl^iB, ^ TT + TT-) = G2(rf, 7, 0,) (22) 

^^M^. ^ K^K-) = G[id',9';j), A'Sl^iB, ^ K+K-) = G',{d' ,9';j,(Ps). (23) 

Since (pa is already known and (pg is negligibly small in the SM - or can be determined 
through B^ J/ '^4' should CP- violating NP contributions to B^-B^ mixing make it 
sizeable - we may convert the measured values of Aqp{Bci — * vr+vr"), A^pi^B^ h~^tt~) 
and Aqp{Bs — > K~^K~), A^p^B^ K^K~) into theoretically clean contours in the 7-6? 
and 7-(i' planes, respectively. In Fig. [3], we show these contours (sohd and dot-dashed) 
for an example, which is inspired by the current i?-factory data. 

A closer look at the corresponding Feynman diagrams shows that B^ —>■ vr"'"vr~ is ac- 
tually related to B^ — ^ K^K~ through the interchange of all down and strange quarks. 
Consequently, each decay topology contributing to B^ —>■ vr"'"vr~ has a counterpart in 
Bg — »• K^K~ and vice versa, and the corresponding hadronic parameters can be re- 
lated to each other with the help of the [/-spin flavour symmetry of strong interactions, 
implying the following relations [63]: 

d' = d, 6' = 6. (24) 

Applying the former, we may extract 7 and d through the intersections of the theo- 
retically clean 7-6? and 7-6?' contours. In the example of Fig. [31 a twofold ambiguity 
arises from the solid and dot-dashed curves. However, as discussed in [63], it can be 
resolved with the help of the dotted contour, thereby leaving us with the "true" solution 
of 7 = 70° in this case. Moreover, we may determine 9 and 9\ which allow an interesting 
internal consistency check of the second [/-spin relation in 
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Figure 4: The correlation between sin0s, which can be determined through mixing- 
induced CP violation in 5° — > J/ip4', and Aqp{Bs —>■ K^K~). Each point on the curve 
corresponds to a given value of 0s, as indicated by the numerical values [67]. 

This strategy is very promising from an experimental point of view for LHCb, where 
an accuracy for 7 of a few degrees can be achieved [65]. As far as possible [/-spin-breaking 
corrections to d' = d are concerned, they enter the determination of 7 through a relative 
shift of the 7-6? and 7-6?' contours; their impact on the extracted value of 7 therefore 
depends on the form of these curves, which is fixed through the measured observables. In 
the examples discussed in [63] and Fig. [3l the extracted value of 7 would be very stable 
with respect to such effects. It should also be noted that the f/-spin relations in (12^ 
are particularly robust since they involve only ratios of hadronic amplitudes, where all 
S'f/(3)-breaking decay constants and form factors cancel in factorization and also chirally 
enhanced terms would not lead to t/-spin-breaking corrections [63]. 

A detailed analysis of the status and prospects of the Bg^d tttt, tiK, KK system in 
view of the first results on the Eg modes from the Tevatron [66] was performed in [67]. 
Interestingly, the data for the —>■ tt+tt^, Bg K^K~ system favour the BaBar 
measurement of the direct CP violation in B^ tt+tt", which results in a fortunate 
situation for the extraction of 7, yielding 7 = (66.615'q13 q)°, where the latter errors 
correspond to a an estimate of [/-spin-breaking effects. An important further step will 
be the measurement of mixing- induced CP violation in Bg K^K^ , which is predicted 
in the SM as A^^{Bg K+R-) = -0.2AQtofsoto!^oll^ where the second errors illustrate 
the impact of large non-factorizable [/-spin-breaking corrections. In the case of CP- 
violating NP contributions to B^-B^ mixing also this observable would be sensitively 
affected, as can be seen in Fig. |U and allows an unambiguous determination of the B^-B^ 
mixing phase with the help of Bg J /ip<P at LHCb. Finally, the measurement of direct 
CP violation in Bg — > K^K~ will make the full exploitation of the physics potential of 
the Bg d TTTT, T{K, KK modes possible. 

3.4.3 The Rare Decays Bs,d — ^ 

In the SM, these decays originate from Z penguins and box diagrams. A closer look at 
the corresponding low-energy effective Hamiltonian [9] shows that the hadronic matrix 
element is simply given by the decay constant fsg- Consequently, we arrive at a very 
favourable situation with respect to the hadronic matrix elements. Since, moreover, NLO 
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QCD corrections were calculated, and long-distance contributions are expected to play 
a negligible role [68], the — >• modes belong to the cleanest rare B decays. 

Using also the data for the mass differences AMg to reduce the hadronic uncertain- 
tiesH the following SM predictions were obtained in [53]: 

BR(5, ^ = (3.35 ± 0.32) x 10"^ (25) 

BR{Bd /iV") = (1-03 ± 0.09) X 10"^°. (26) 

Consequently, these branching ratios are extremely tiny. But things could actually be 
much more exciting, as NP effects may significantly enhance BR(i?s —>■ fi'^fi^). The 
current upper bounds (95% CL.) from the CDF collaboration read as follows [69]: 

BR{Bs fx^fi') < 5.8 X 10~^ BR{Bd fx^fi') < 1.8 x 10~^ (27) 

while the DO collaboration finds the following 90% C.L. (95% C.L.) upper limit [70]: 

BR{B, /i+/i") < 7.5 (9.3) x 10^1 (28) 

Consequently, there is still a long way to go within the SM. However, by the end of 2009, 
with 0.5 fb"^ data, LHCb can exclude or discover a NP contribution to Bs fi^fi at 
the level of the SM [38]. This decay is also very interesting for ATLAS and CMS, where 
detailed signal and background studies are currently in progress [39]. 

3.4.4 The Rare Decay 

The key observable for NP searches through this channel is the following forward- 
backward asymmetry: 



^fb(s) 



d^r /"V , d^r 



d(cos6')— — — — / d(cos 



dP/ds \_Jq dsd(cos^) J^i dsd(cos 



(29) 



Here 6 is the angle between the B^ momentum and that of the /i"*" in the dilepton 
centre-of-mass system, and s = s/M"^ with s = {p^+ +p^-Y- A particularly interesting 
kinematical point is characterized by 

^fb(so)|sm = 0, (30) 

as So is quite robust with respect to hadronic uncertainties (see, e.g., [71]). In SUSY 
extensions of the SM, Ayb{,s) could take opposite sign or take a dependence on s without 
a zero point [72]. The current 5-factory data for the inclusive h — > branching 
ratios and the integrated forward-backward asymmetries are in accordance with the 
SM, but suffer still from large uncertainties. This situation will improve dramatically 
at the LHC. Here LHCb will measure the zero crossing point by ~ 2013 with 10fb~ 
with cr(so) = 0.27(GeV/c^)^, corresponding to 19k events [38]. For other interesting 
observables provided by B^ K*^fi^fi~, see [73]. Also alternative b — > sfi~^fi~ modes 
are currently under study, such as B'^ (f)fi^fi~ and A;, Kji^ji^ [38,39]. 

■^This input allows us to replace the decay constants Jb, through the bag parameters -Bb,. 
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4 Conclusions and Outlook 



We have seen tremendous progress in B physics during the recent years, which was made 
possible through a fruitful interplay between theory and experiment. Altogether, the 
e"'"e~ B factories have already produced O{10^) BB pairs, and the Tevatron has recently 
succeeded in observing B^-B^ mixing. The data agree globally with the KM mechanism 
of CP violation in an impressive manner, but we have also hints for discrepancies, which 
could be first signals of NP. Unfortunately, definite conclusions cannot yet be drawn as 
the uncertainties are still too large. 

Exciting new perspectives for B physics and the exploration of CP violation will 
arise in the summer of 2008 through the start of the LHC, with its dedicated 5-decay 
experiment LHCb. Thanks to the large statistics that can be collected there and the 
full exploitation of the physics potential of the S^-meson system, we will be able to 
enter a new territory in the exploration of CP violation. The golden channel for the 
search of CP- violating NP contributions to B^-Bg mixing is B^ J/'ip4', where the 
recent measurement of AMg still leaves ample space for such effects both in terms of 
the general NP parameters and in specific extensions of the SM. In contrast to the 
theoretical interpretation of AM^, the corresponding CP asymmetries have not to rely 
on non-perturbative lattice QCD calculations. Moreover, it will be very interesting to 
search for CP-violating NP effects in 6 s penguin processes through the 5° — > (fxp 
channel. These measurements will be complemented by other key ingredients for the 
search of NP: precision measurements of the UT angle 7 by means of various processes 
with a very different dynamics, and powerful analyses of rare B decays. 

In addition to B physics, there are other important flavour probes. An outstanding 
example is charm physics, where evidence for D^-D^ mixing was found at the B factories 
in the spring of 2007 [74], and very recently also at CDF [75]. The mixing parameters 
are measured in the ball park of the SM predictions, which are unfortunately affected by 
large long-distance effects. A striking NP signal would be given by CP-violating effects 
(for recent theoretical analyses, sec. e.g. [76]). There is also a powerful charm-physics 
programme at LHCb. As far as kaon physics is concerned, the future is given by the rare 
decays -r^vv and n^uu, which are theoretically very clean and would be 

very desirable to be measured (efforts at CERN and KEK/J-PARC). Moreover, there is 
of course also exciting flavour violation in the lepton sector (neutrino physics, search for 
/X — > 67 at MEG, etc.), and it is crucial to obtain eventually the whole picture. 

The main goal of the ATLAS and CMS experiments is to explore electroweak symme- 
try breaking, in particular the question of whether this is actually caused by the Higgs 
mechanism, to produce and observe new particles, and then to go back to the deep ques- 
tions of particle physics, such as the origin of dark matter and the baryon asymmetry of 
the Universe. It is obvious that there will be a fruitful interplay between these "direct" 
studies of NP and the "indirect" information provided by flavour physics, including the 
5-meson system, but also D, K, and top physics as well as the flavour physics in the 
lepton sector [77]. I have no doubts that the next years will be extremely exciting! 

I would like to thank Stephan Narison for the invitation to this most interesting 
conference in Madagascar! 
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